Abstract--Fe a+ ions in palygorskite occupy sites at the edges and in the interior of the alumino-silicate chains. The M/Sssbauer parameters of the doublets associated with Fe 3 § ions in edge sites indicate that the sites have a regular 6 coordination. Fe z+ ions in the interior of the chains occupy M(1) sites in three of the samples examined and M(2) sites in the fourth. Fe 3 § ions in edge positions of palygorskite become 5-coordinated when water is lost on heating. They maintain this coordination on dehydroxylation, probably by cross-linking of the chains. The temperatures at which changes occur in the X-ray powder diffraction patterns and the M/Sssbauer and infrared (IR) spectra differ from sample to sample. The intermediate stages observed also vary, either due to different reaction paths or to different stabilities of the intermediate phases. The deduced distribution of cations in the octahedral sheets is in good qualitative agreement with the observed IR hydroxyl absorptions.
INTRODUCTION
By using the results of M/Sssbauer spectroscopy in conjunction with other methods, Heller-Kallai and Rozenson (1980) were able to establish the distribution of cations in dioctahedral phyllosilicates and to follow changes in these minerals on heating. Although more than 100 papers have been published in recent years dealing with M/Sssbauer studies of various clay minerals, palygorskite and sepiolite do not seem to have been studied by this technique. A preliminary investigation of several samples of palygorskite showed that the MSssbauer spectra contained a doublet with parameters unlike those of any other phyllosilicate previously investigated. A similar doublet was noted in the spectrum of a sample of sepiolite. To verify the intuitive assignment of these doublets to iron occupying sites at the edges of the channels in these structures and to follow the changes in the iron positions in heated samples, the following study was undertaken.
EXPERIMENTAL

Materials
The following samples were used: (1) Palygorskite from Gasden County, Florida, C.M.S. Source Clay PFI-I (Flor.); (2) Palygorskite from Attapulgus, Georgia, A.P.I. Reference Clay 44, Ward's Natural Science Establishment, Rochester, New York; (3) Palygorskites from (a) Mt. Flinders (Mt. F.) and (b) Mt. Grainger (Mt. G.), Australia; (4) Sepiolite from Vallecas, Spain (Sep. V.); and (5) Sepiolite from Madagascar (Sep. M.). The samples from Mt. Grainger and Mt. Flinders were aliquots of those described previously (Singer and Norrish, 1974; Singer, 1977) . They had been treated with a weak acid and with dithionate to remove carbonates and iron oxides. The Madagascar sample was described by Caill~re (1951) . The A1, Mg, and Fe contents of the octahedral sheets of some of the samples, calculated from literature data, are shown in Table 5 , column A.
Methods
The samples were examined in their original form and after heating in air for 1 hr at temperatures up to 700~ X-ray powder diffraction (XRD) patterns were recorded of samples sedimented on glass slides with filtered CuKct radiation and a recording rate of 2~
Infrared (IR) spectra were obtained from self-supporting films of the Florida and Mt. Grainger samples and from KBr disks of all palygorskite specimens, using a Perkin Elmer 237 IR spectrograph. Mrssbauer spectra of all samples were recorded and resolved as previously described (Rozenson et al., 1979) . Spectra of some of the heated samples showed very broad doublets. Resolution into two or more doublets gave rise to very large errors in the Mfssbauer parameters. Attempts were therefore made to constrain some of the parameters by assuming that the samples consisted of a mixture of varying proportions of the original and the dehydroxylated material, but errors of as much as 60% persisted in the line widths and intensities of the doublets, and the decrease in X 2 was insignificant (-20) .
RESULTS AND DISCUSSION
MOssbauer spectra of palygorskite
The Mrssbauer parameters derived from the spectra of three samples of palygorskite are presented in Table  1 . The spectrum of the Attapulgus sample is identical with that of the Florida sample. Two of the spectra are Rozenson, 1980) . All isomer shifts (I.S.) range from 0.39 to 0.41 mm/sec, characteristic of Fe z § in 6-fold coordination. The line widths are similar to those observed in other phyliosilicates, and no further resolution of the spectra was therefore attempted. According to the structural model proposed by Bradley (1940) , palygorskite is composed of alumino-silicate ribbons with five octahedral sites per unit cell. Chemical analyses show that about four of these sites are occupied. The three inner positions are analogous to those in sheet silicates, i.e., one M(1) and two M(2) sites, whereas the remaining two sites are unlike those in any other phyllosilicate except sepiolite. According to Serna et al. (1977) , all outer sites are occupied by cations coordinated by four oxygen and two H20 ligands, and one of the three inner sites is vacant. In view of the unique character of the edge sites it seemed reasonable to assign the doublet with the unusually low Q.S. to Fe z § in these positions. The very low Q.S. indicates that the site is relatively undistorted.
To confirm this assignment, Mrssbauer spectra of two samples of sepiolite were recorded (Table 1) . One of the spectra does, indeed, show a doublet with Q.S. similar to that observed with palygorskite. The other sample contains some Fe 2+ and gave rise to a broad doublet with parameters similar to those of Fe 3+ in M(1) sites in trioctahedral minerals. The doublet is probably composite, but it could not be meaningfully resolved.
The presence of a doublet with low Q.S. in sepiolite resembling that in palygorskite, despite the difference in the chemical composition of palygorskite and sepiolite, strongly supports the proposed assignment. It also confirms that this doublet is not due to impurities in the samples. Although the samples from Mt. Grainger and Mt. Flinders were highly purified, it might be argued that minor amounts of an unusual iron-rich impurity may be specifically associated with palygorskite. The presence of this doublet in spectra of four palygorskites from different localities and of a sample of sepiolite, which is the only other phyllosilicate structurally similar to palygorskite, discredits this argument.
Effect of heating palygorskite
The effect of heating palygorskite has been studied by several investigators, most recently by Van Scoyoc et al. (1979) . On heating Georgia palygorskite, zeolitic and coordinated water molecules were given off. When 50% of the coordinated water had been lost, the structure folded, but an ordered state was not reached until 65% of the water had evolved. Loss of water caused an initial decrease in the spacing of the prominent 110 reflection from 10.3 to 9.9 ,~. At higher temperatures the chains folded, and a new reflection appeared at 9.2 ,~, which decreased to 8.7/~ on further heating. The OHstretching frequencies changed when only small amounts of coordinated water were lost. The original AI-OH-AI absorption at 3625 cm -1 was gradually replaced by absorptions at 3657 and 3644 cm -1. When the amount of coordinated water was reduced to 35% only one AI-OH-A1 absorption persisted, at 3644 cm -t . Whether these spectral features were due to changes in configuration or whether some dehydroxylation took place, leaving AI-OH-AI groups in only one single environment, is unclear from the IR data. Loss of the remaining 35% coordinated water was accompanied by dehydroxylation. Preisinger (1963) proposed a model for palygorskite "anhydride" with a = 10.7~,b = 15.3A, c = 5.26~,a-90~ -der data calculated from these cell dimensions are in good agreement with those obtained from the 8.7-,~ form of the mineral produced in the present study. In the structural scheme of Preisinger the chains are cross- spectrum was difficult to re- linked, leading to 5 coordination of the cations occupying edge positions.
Clays and Clay Minerals
Some of the thermal changes observed with three samples of palygorskite in this study are shown in Tables 2-4. The XRD data alone suffice to show that loss of water takes different courses in these minerals. With the Florida sample a 9.2-A spacing appeared after heating at 500~ However, a 9.8-A spacing, corresponding to the unfolded structure, persisted even after heating at 600~ After heating at 700~ the sample was practically amorphous.
The Mt. Flinders sample showed an abrupt transition from the 10.4-to the 8.75-A form; the latter form remained stable over a relatively wide range of temperature. The Mt. Grainger sample behaved drastically different from the other two. The 10.3-A form persisted after heating at 500~ but at 550~ a new phase crystallized which gave rise to a distinct XRD pattern with strong reflections at 10.9, 9.55, 5.47, and 4.27 A. A similar, but considerably weaker pattern was recorded after heating the sample at 600~
Scanning electron micrographs showed that the samples preserved their acicular shapes after heating at 550~ and, to a lesser extent, after heating at 600~ The needles were somewhat expanded and rugged, but remained clearly recognizable even when the XRD patterns indicated that a fundamental change in crystal structure had occurred.
Hydroxyl-stretching vibrations and the OH-bending vibration at about 910 cm -t were detected whenever the 110 reflection was greater than 8.7 ~. The broad absorption at 860-880 cm -1, which was assigned to Mg-OH-A1 and Fe-OH-AI associations (see below), was not diagnostic because the "anhydride" form showed an absorption at about 865 cm -I, which became progressively more pronounced as the 8.7-,~ form developed. The Mrssbauer spectra require more detailed consideration. The parameters of the heated samples are shown in Table 1 , and changes in Q.S. are included in Tables 2-4. It is evident that the MiSssbauer parameters began to change at a lower temperature than the XRD pattern or the IR absorption at 910 cm -~, assigned to A1-OH-AI vibrations by Farmer (1979) . With increasing temperature of heating a small reduction in I.S. was observed, together with an appreciable increase in Q.S. and line width. It is difficult to resolve the spectra of samples heated at temperatures below that corresponding to complete dehydroxylation (marked with an asterisk in the Tables), probably The octahedral Fe 3+ in phyllosilicates becomes 5 coordinated on heating if it occupies M(2) sites and assumes a very distorted 6 coordination if it occupies M(1) sites in the original mineral (Heller-Kallai and Rozenson, 1980) . The observed Q.S. for minerals with low iron content ranged from 0.96 to 1.36 mm/sec and from 1.68 to 1.80 mm/sec for 5-and 6-coordinated sites, respectively. Accordingly, the Q.S. of the two doublets of completely dehydroxylated palygorskite from Mt. Flinders and Mt. Grainger (Table l) Olphen and Fripiat (1979, p. 128) . s Singer (1977) . 4 Calculated from the chemical analysis given by Singer and Norrish (1974) . 5 Vacancies in edge sites. 6 AI in edge sites. at least two nonequivalent 5-coordinated sites are expected in the dehydroxylated Florida sample, i.e., edge sites and sites in the interior of the chains which originally had an M(2) configuration. In the dehydroxylated Mt. Flinders and Mt. Grainger samples Fe 3 § should be present in 5-coordinated edge sites and in distorted 6 coordination derived from M(1) sites, as was indeed observed. The Mfssbauer spectra thus confirmed the cross-linking of the chains in palygorskite dehydroxylate proposed by Preisinger (1963) , although the details of his proposed structure, with fully hydroxylated, trioctahedral chains, are incorrect.
Samples heated at intermediate temperatures showed an increase in Q.S. of the doublets corresponding to the edge sites. The I.S. values ranged from 0.37 to 0.42 mm/sec throughout, indicating that Fe 3+ did not become tetrahedrally coordinated. It may therefore be inferred that Fe a+ in edge positions tends to retain a single coordinated H~O molecule as established by Serna et al. (1977) for Mg in similar positions. The edge sites thus change from an original octahedral configuration with four O and two OH ligands to a 5-coordinated configuration with four O and one OH ligand and finally to a 5-coordinated configuration with five O ligands. It is, of course, possible that intermediate phases with 4-coordinated Fe z+, i.e., with four O ligands, were briefly formed, but escaped detection.
Infrared spectra of the Florida and Mt. Flinders samples show that dehydroxylation of the A1-OH-AI association was complete only when the mineral reached the folded 8.7-• form. Whether dehydroxylation of iron-containing hydroxyl associations occurred at a lower temperature than that of hydroxyl associations, as was observed with other dioctahedral phyllosilicates (Heller-Kallai and Rozenson, 1980) , is difficult to establish. The initial changes in the M/Sssbauer spectra, which were observed on heating the samples, are due to modifications of the edge sites. After heating the samples at higher temperatures the spectra are difficult to resolve, but this may be due to distortion of the sites which form in the course of folding and crosslinking of the chains and does not necessarily indicate that dehydroxylation of Fe associations is incomplete. et al. (1977) affirmed that most of the Mg ions in Georgia palygorskite occupy positions at the edges of the channels and are bonded to coordinated water. They based their conclusion on (1) the fact that no IR absorption was observed at 3680 cm -1, as would have been expected for three neighboring Mg ions in a trioctahedral structure, and (2) the observation that only one kind of coordinated water was present. However, only the second argument is valid, because, as Serna et al. (1977) themselves demonstrated, the interior of the chains is dioctahedral. Thus, even if Mg occupied positions in the interior, associations of the type (Mg Mg iS)OH ([] = vacancy) and not (Mg Mg Mg)OH would be expected to predominate. The conclusion that Fe ions occupy edge positions preferentially in the Mt. Grainger and Mt. Flinders samples, based on the MiSssbauer spectra, receives support from an earlier study of acid attack of these samples (Singer, 1977) . Singer showed that octahedral cations were extracted in the order Fe > Mg > AI and attributed this to their decreasing accessibility. It is reasonable to assume that cations occupying positions at the edges of the chains are more accessible than those in the interior, suggesting that Fe, and to a lesser degree Mg, tend to occupy edge positions in these samples. The Mbssbauer spectrum of the Florida sample shows that Fe z+ does not occupy edge positions preferentially. These positions may therefore be populated predominantly by Mg, as suggested by Serna et al. (1977) for the sample from Georgia.
Population of the octahedral sites
Serna
The Fe, Mg, and AI content of the octahedral sheets of the samples studied is shown in Table 5 , column A. If Fe ions are assigned to edge positions on the basis of the Mbssbauer spectra and the remaining edge positions are filled with Mg ions, the composition of the interior of the chains can be deduced from the chemical composition. The results are shown in Table ~ , column B, and the probabilities of encountering various associations in the interior of the chains, deduced from these data, are shown in Table 5 , column C. In calculating the probabilities, two assumptions were made: (I) All edge positions which are not occupied by Fe are filled by Mg; and (2) The cations occupying the interior of the chains have no preference for any particular nearest neighbor. If some AI ions occupy edge positions, the number of AI containing associations are overestimated, whereas the number of Mg containing associations are underestimated. Similarly, vacancies in edge sites would cause the calculated number of Mgcontaining groups to be too low. In the Mt. Grainger sample there are insufficient Fe and Mg ions to fill the edge positions completely. The remaining sites may be vacant or filled by AI ions. In either case the interior positions are expected to be occupied predominantly or entirely by AI ions.
The estimates in Table 5 , column C, must be regarded as approximations, but they are consistent with the IR spectra. Serna et al. (1977) showed that it is difficult to differentiate between structural and adsorbed water without deuteration. It is evident from Figure 3 , however, that the OH-stretching region of the three samples differs profoundly. The Mt. Grainger sample shows only two strong OH-stretching absorptions. These are similar to the two dominant absorptions observed with the Florida sample. The sample from Mt. Flinders shows a different distribution of absorption bands. This is in agreement with the probabilities deduced in Table  5 , column C: in the Mt. Grainger sample AI-OH-AI associations are almost the only ones present; they predominate in the Florida sample, but in the Mt. Flinders sample other associations are of similar or greater importance.
The OH-bending vibrations of palygorskite have not previously received much attention. A band at about 910 cm-' in the spectrum of attapulgite has been assigned to AI-OH-A1 vibrations, and one at about 870-875 cm-' to carbonate impurities (Farmer, 1979) . The Mt. Flinders and Mt. Grainger samples do not contain carbonate, yet the Mt. Flinders sample shows a pronounced broad absorption extending from about 890 to 960 cm -~. By analogy with other dioctahedral phyllosilicates it seems reasonable to assign this band to OH associations involving Mg and Fe ions. The band is practically absent in the Mt. Grainger sample, as predicted in Table 5 , column C.
CONCLUSIONS
Mbssbauer data of three samples of palygorskite and their dehydroxylates indicate that Fe a+ occupies edge sites with relatively regular 6 coordination and M(1) or M(2) sites in the interior of the chains. On heating, Fe 3+ ions in edge positions become 5 coordinated, first by retaining one molecule of coordinated water per site and at higher temperatures possibly by cross-linking of the chains. The Mbssbauer parameters are thus compatible with the model of palygorskite dehydroxylate proposed by Preisinger (1963) .
The distribution of cations in the octahedral sheets deduced from the MiSssbauer spectra and the chemical analyses agrees with the IR spectra and the reactivity of the samples. Scanning electron micrographs of the heated samples show that the acicular form is maintained throughout the dehydration and dehydroxylation process, but the thermal stability of the samples differs considerably.
